The design and fabrication of biodegradable barrier membranes with satisfactory structure and composition remain a considerable challenge for periodontal tissue regeneration. We have developed a biomimetic nanofibrous membrane made from a composite of gelatin and -tricalcium phosphate ( -TCP). We previously confirmed the in vitro biological performance of the membrane material, but the efficacy of the membranes in promoting bone repair in situ has not yet been examined. Gelatin/ -TCP composite nanofibers were fabricated by incorporation of 20 wt.% -TCP nanoparticles into electrospun gelatin nanofibers. Electron microscopy showed that the composite membranes presented a nonwoven structure with an interconnected porous network and had a rough surface due to the -TCP nanoparticles, which were distributed widely and uniformly throughout the gelatin-fiber matrix. The repair efficacy of rabbit mandible defects implanted with bone substitute (Bio-Oss) and covered with the gelatin/ -TCP composite nanofibrous membrane was evaluated in comparison with pure gelatin nanofibrous membrane. Gross observation, histological examination, and immunohistochemical analysis showed that new bone formation and defect closure were significantly enhanced by the composite membranes compared to the pure gelatin ones. From these results, we conclude that nanofibrous gelatin/ -TCP composite membranes could serve as effective barrier membranes for guided tissue regeneration.
Introduction
Precisely designed scaffolds with controlled structural organization and desirable biochemical properties play a central role in tissue engineering [1, 2] . When used in regenerative medicine, the goal is often to mimic natural tissue microenvironments by manufacturing scaffolds with similar biological, chemical, and mechanical properties [3, 4] . The electrospinning technique has been gaining attention in regenerative medicine because of the resulting ultrafine fibers, which physically mimic natural bone extracellular matrix (ECM) at the nanoscale [5] [6] [7] [8] [9] . Moreover, the surface morphology, architecture, and performance of the fibrous matrix can be controlled by modifying the composition or proportions of its components [10] [11] [12] [13] . The simple and relatively inexpensive setup (a glass syringe pump, high-voltage generator, and metallic collector) also accounts for its wide application in generating nanofibers from a wealth of natural and synthetic organic polymers [14, 15] .
Gelatin is a protein biopolymer that is derived from the partial hydrolysis of natural collagen. It is widely used as a scaffold material for tissue engineering because of its availability, low cost, excellent functional properties, and, in particular, its lack of antigenicity [16] [17] [18] . Additionally, it is considered to provide integrin binding sites for cell adhesion [19] . In bone tissue engineering studies, hydroxyapatite (HA),
-tricalcium phosphate ( -TCP), or other bioactive ceramics are commonly added to the gelatin matrix to improve the osteoinductivity [20] [21] [22] . Recently, the potential application of gelatin/HA composites in bone tissue regeneration has been extensively studied [23, 24] . The composite materials significantly improved the biological properties in comparison with the pure gelatin equivalent. Although HA has been found to possess good biocompatibility and osteoinductivity, it is insufficiently biodegradable [25, 26] . Ca 2+ ions in the local environment are known to enhance the proliferation and differentiation of osteoblasts by membranemediated ionic transfer [21, 27] . Thus, the biodegradability of -TCP makes it an excellent candidate for the repair of bone defects because it dissolves in vivo [28, 29] . Ca 2+ ions released from -TCP can bind to the carboxyl groups of the gelatin molecular chain, leading to ionic interactions that promote the differentiation of osteoblasts [30] .
It is well known that cells have an inherent ability to detect and respond to the surface properties of their substrate [31, 32] . The efficacy of gelatin/ -TCP composite scaffolds in the guidance of growth, function, and organization of boneforming cells has been recently demonstrated [22, 33, 34] . In our previous study [35] , different proportions of -TCP nanoparticles were successfully incorporated into electrospun gelatin nanofibers to obtain heterojunctional composite nanofibers. Based on in vitro results, it was suggested that osteoblast attachment, spreading, proliferation, and differentiation were accelerated in proportion to the content of -TCP nanoparticles and the resulting release of Ca 2+ into the medium. However, the efficacy of these composite nanofibers in promoting in situ bone defect repair has not yet been explored.
In the present study, pure gelatin nanofibers and gelatin/ -TCP composite nanofibers with 20 wt.% -TCP loading were fabricated by electrospinning. The surface morphology of these nanofibers was characterized via scanning electron microscopy (SEM). The therapeutic effectiveness of gelatin/ -TCP composite nanofibers for repair of criticalsized bone defects in the rabbit mandible was examined. At 4 and 12 weeks after implantation, histological and immunohistochemical analyses were combined with gross observation to assess new bone formation.
Materials and Methods

Materials.
Gelatin (pH 4.5-5.5, Bloom Number 240-270) was purchased from Amresco Chemical Company (Solon, OH, USA). -TCP nanoparticles (average particle size ∼200 nm) were supplied by Rebone Biomaterials Company (Shanghai, China). 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide HCl (EDC-HCl; Sigma-Aldrich, St. Louis, MO, USA), N-hydroxy-succinimide (NHS; Sigma-Aldrich), and sodium citrate (Amresco) were used in this study. The commercially available Bio-Oss bone substitute was supplied by Geistlich-Pharma (Wolhusen, Switzerland).
Preparation of Spinning Solution.
Aqueous solutions of gelatin were prepared by dissolving gelatin in deionized water under gentle stirring at 40 ∘ C for 3 h. A defined amount of -TCP nanoparticles was suspended by ultrasonication and vigorous stirring in water containing 2% w/v sodium citrate, before the addition of polymers. At a fixed gelatin concentration (20% w/v), the -TCP content was set as 20% of the gelatin.
Preparation of Electrospun Nanofibers.
The detailed procedure for the electrospinning of the aqueous gelatin solution is described in our previous work [35] . Briefly, electrospinning was carried out in an apparatus equipped with a heating device. The environmental temperature of the electrospinning process was maintained at 40 ∘ C. The aforementioned gelatin and gelatin/ -TCP solutions were electrospun at a high voltage of 20 kV (electrospinning apparatus; Beijing Machinery & Electricity Institute, Beijing, China). The syringe was connected to a stainless-steel needle (ID = 1.6 mm). A feeding rate of 0.3 mL/h was set using a syringe pump (TOP 5300, Tokyo, Japan). The distance between the spinneret and the grounded aluminum collector was fixed at 12 cm. The membranes were collected on the surface of the aluminum foil and dried at room temperature in a vacuum for 12 h.
Crosslinking of Electrospun Nanofibers.
The electrospun membranes were chemically crosslinked in accordance with our previous work [36] . Briefly, four sheets of electrospun fibrous membranes (thickness, ∼100 m) were laminated and immersed in 200 mL ethanol/water (volume ratio, 9 : 1) solution containing EDC/NHS (molar ratio, 2.5 : 1) for 24 h at 4 ∘ C. After crosslinking, unbound and excess EDC and NHS were removed by rinsing the membranes thoroughly with 100 mM phosphate-buffered saline (PBS). This was followed by repeated washing with distilled water. The membrane was frozen at −70 ∘ C for 3 h and then freeze-dried overnight under vacuum.
Characterization of Gelatin/ -TCP Composite Nanofibers.
The surface morphology and internal structure of the composite nanofibers were observed via scanning electron microscopy (SEM; S-4700 microscope; Hitachi, Tokyo, Japan). The distribution of -TCP nanoparticles in the gelatin nanofiber matrix was investigated by transmission electron microscopy (TEM; H-800 microscope; Hitachi).
Animals and Surgical Procedures.
A total of 18 male rabbits (New Zealand White Rabbits, about 3.0 kg of weight) were used in this study. The experimental protocol was approved by the Animal Care and Use Committee of Peking University. Rabbits were divided randomly into three groups: (1) 12 defects for implantation of Bio-Oss granules and coverage with gelatin/ -TCP composite membranes, (2) 12 defects for implantation of Bio-Oss granules and coverage with pure gelatin membranes, and (3) 12 defects left untreated (no implant or membrane). The rabbits were anesthetized with sodium pentobarbital and a 3 cm parallel incision was made along the inferior border of the mandible on both sides. The periosteum was then retracted to expose the submaxilla. Circular critical-size defects, 8-mm in diameter, were made in the buccal-lingual direction on one side of the mandible of each rabbit (Figure 2 ). In the treated groups, 0.25 g of Bio-Oss granules was implanted into the defect and covered with a pure gelatin membrane or a gelatin/ -TCP composite membrane. The mucoperiosteal flaps were then carefully sutured over the defect areas of all the rabbits (groups 1-3) using 3-0 absorbable sutures. The rabbits were sacrificed at 4 and 8 weeks after implantation for tissue processing.
Gross
Observation. At 4 and 12 weeks after implantation, intact mandibles were harvested and fixed in 4% paraformaldehyde for 24 h at 4 ∘ C, and the mandible defect site was assessed by gross observation.
Histological Analysis.
Tissue processing and sectioning were carried out as previously described [37] . Briefly, tissue samples were fixed in 10% neutral buffered formalin for 7 days, decalcified and dehydrated according to standard protocols, embedded in paraffin, and sectioned at a thickness of 5 m. Masson's trichrome staining was performed separately on tissue sections, according to the manufacturer's instructions, and images were captured using a light microscope (CX21, Olympus, Japan). After staining, each section was observed under light microscopy at 100x magnification and at least 10 images were randomly captured for each section. Using image analysis software, Image-ProPlus (Media Cybernetics, USA), the bone area was expressed as a percentage (%) of the measured total tissue area in each group.
Immunohistochemical Analysis.
Immunostaining for osteocalcin (OCN) was performed as we have described previously [38] . Briefly, tissue slides were deparaffinized and rehydrated and then submerged in hydrogen peroxide to quench peroxidase activity. Before exposure to the primary antibody against OCN (ab13420; CA 1 : 100; Abcam, USA), slides were incubated with 1% BSA to block nonspecific binding. After overnight incubation with the primary antibodies at 4 ∘ C, HRP conjugated secondary antibodies were applied to the slides for 1 hour at room temperature. Finally, a diaminobenzidine (DAB) kit (Beyotime, Jiangsu, China) was used to develop the color, followed by counterstaining with hematoxylin. Slides were observed under a light microscope (CX21, Olympus, Japan). OCN expression within the defect area was quantified using a publicly available web application, ImunoRatio [39, 40] .
Statistical Analysis.
Quantitative data were presented as mean ± standard deviation (SD). Statistical differences between groups were evaluated via a Student's -test using the software package, SPSS 13.0 (SPSS Science). Differences between groups were considered statistically significant if < 0.05 and highly significant if < 0.01.
Results and Discussion
Morphology of Electrospun Gelatin/ -TCP Composite
Nanofibers. Gelatin is temperature-sensitive, so the electrospinning process was performed at 40 ∘ C to avoid gel formation. Prior to crosslinking, all the electrospun nanofibers showed a nonwoven structure with an interconnected porous network (Figure 1) . The diameters of the nanofibers appeared approximately uniform under SEM. Pure gelatin nanofibers were continuous, smooth, and homogeneous (Figure 1(a) ). Composite nanofibers had a rough surface because of the incorporation of -TCP nanoparticles (Figure 1(b) ). It has been reported that the rough nanofiber surface created by apatite particles can promote cell adhesion, proliferation, and osteogenic differentiation of bone-forming cells [41] . TEM (subinset of Figure 1(b) ) showed that the -TCP nanoparticles were embedded in the nanofibers. After crosslinking, the fibers became curled and conglutinated. In addition, the pore size decreased substantially and there was a clear increase in fiber diameter due to swelling induced by the crosslinking procedure. In our previous study, electrospun gelatin/ -TCP composite nanofibers with 20 wt.% -TCP possessed most remarkable biological properties in terms of osteoblasts attachment, cell spreading, cell proliferation, and early osteogenic differentiation [35] . In this study, the ability of these composite nanofibers to promote and guide bone regeneration in situ was investigated. Figure 3 shows macroscopic images used to evaluate rabbit mandible defects that were implanted for 4 or 12 weeks. At 4 weeks after operation, the implants were completely filled with nascent bone, but the boundary between nascent and host bone could be seen distinctly (Figures 3(b) and 3(c) ). More specifically, nascent bone in the defects implanted with a composite membrane appeared denser than that in the pure gelatin group. The defect exhibited no signs of recovery in the untreated group and conspicuous introcession remained after the filled fibrous tissue was detached (Figure 3(d) ).
Gross Observation of Mandible Defect Repair.
At 12 weeks after implantation (Figure 3(f) ), the defects treated using the composite membranes were well healed and the nascent bone was indistinguishable from the host bone. On the other hand, for pure gelatin membranes at this time point, the nascent bone was slightly less dense than the surrounding host bone (Figure 3(e) ). In the untreated group, obvious introcessions remained at the defect sites (Figure 3(d) ) demonstrating the critical size of the defects. These results indicate that the composite membrane increased the rate of bone repair via the contribution of -TCP. They are consistent with the results of another study, which found that the addition of apatite into electrospun poly(lactide-co-caprolactone) (PLCL) nanofibers improved biocompatibility and bone formation [42] .
Histological Assessment of Mandible Defect Repair.
The newly formed tissue within the mandible defect was further analyzed by histological staining, as shown in Figure  4 . At 4 weeks after implantation, the boundary between the defect area and the host bone tissue could still be clearly identified (marked by black arrows). Masson staining showed that the fibrous tissue surrounding the implants was mainly composed of newly formed and regularly aligned collagen fibers that were stained green (Figures 4(b) and  4(c) ). Specifically, implanted defects that used a composite membrane contained more green-stained immature nascent bone than those with pure gelatin membranes. Interestingly, nascent bone could close over and grow into the residual implanted Bio-Oss scaffolds (marked by yellow arrow). These results imply that the composite membrane is an excellent barrier for creation of a microenvironment suitable for bone regeneration. In contrast, numerous fat vacuoles at the untreated defect sites further demonstrated the poor healing that occurred in the absence of treatment (Figure 4(a) ).
The interface between nascent bone and the host bone became indistinguishable in both treatment groups at 12 weeks after operation (Figures 4(e) and 4(f) ). Masson staining showed that the green-stained collagen fibers described above were replaced by mature woven bone in the central region of the defect (Figures 4(e) and 4(f) ). The use of a composite membrane resulted in the formation of more regular bony trabeculae and more mature-bone-marrow cavities than those seen for the pure gelatin membrane. Again, the untreated defects looked very different, showing Journal of Nanomaterials numerous red-stained blood clots and small green-stained collagen fibers (Figure 4(d) ). As summarized in Figure 6 (a), the degree of healing and quality of nascent bone formation were related to treatment as follows: composite membrane > pure gelatin membrane ≫ no treatment.
Immunohistochemical Assessment of Mandible Defect
Repair. Osteocalcin (OCN), a major noncollagenous protein component of bone extracellular matrix, is synthesized and secreted exclusively by osteoblasts in the late stage of bone maturation. At 4 weeks after operation, OCN staining was prevalent within the defects of both treated groups ( Figures  5(b) and 5(c)). At 12 weeks after implantation, the most intense OCN staining was observed in the composite membrane group ( Figure 5(f) ). Quantitative analysis of OCN protein ( Figure 6(b) ) corresponded to the levels of nascent bone formation observed via Masson staining. The differences in osteogenesis may be explained by the release of calcium ions from the incorporated -TCP nanoparticles. Our previous research confirmed the pivotal role of continuous Ca
2+
release from gelatin/ -TCP composite nanofibers in regulating the osteoblast response [35] . In others studies, it was also found that optimal calcium-ion concentrations could significantly promote osteogenic differentiation and mineralization of stem cells [43] [44] [45] . Overall, these electrospun nanofibrous gelatin/ -TCP composite membranes have been shown to exhibit a high degree of biocompatibility and to enhance the effectiveness of bone defect healing. Therefore, they may be beneficial for regeneration of hard tissue, particularly for guided bone regeneration in periodontology.
Conclusions
In the present study, composite nanofibers made of gelatin/ -TCP were produced by electrospinning. The composite nanofibers exhibited a nonwoven structure with an interconnected porous network and had a rough surface due to the incorporated -TCP nanoparticles, which were widely and uniformly distributed in the gelatin-fiber matrix. When bone substitute (Bio-Oss) implanted into rabbit mandible defects was covered by a composite membrane, new bone formation and defect closure were significantly enhanced compared to coverage by pure gelatin membranes. In summary, this study demonstrates that the electrospun nanofibrous gelatin/ -TCP composite membranes developed here have great potential for use in periodontal therapy as barriers for guided bone regeneration.
